solid form. This is so as most analytical procedures involve measurement of analytes in aqueous solution. The traditional sample decomposition or dissolution processes include heating with acids or other chemicals, and fusion with molten fluxes. However, these methods are time-consuming, are exposed to atmospheric contamination with high background contribution and causes loss of volatile compounds. To overcome these problems, closed vessel microwave digestion is used.
The use of microwave digestion was initiated by Abu Samra et al. in 1975'. Since then, this method has become an increasingly popular technique for sample preparation prior to analysis. Fig. 1 shows the evolution of scientific literatures published on this topic since 1992.
Many reviews on microwave sample digestion have been published since 1985. These include reviews of its principles, the equipment used2 and its extraction of organic compounds from environmental samples3s Its applications in food, geological and biological sample preparation have been well investigated. This article will review the applications and recent advances of microwave digestion or extraction that will lead to its versatility as a sample preparation technique.
Microwave
assisted digestion for element determination
Microwave system
The microwave instrumentation for sample preparation has become increasingly sophisticated. Methods include open-vessel digestion in microwave oven or focused microwave68, closed-vessel technology6'9"20 and on-line systems21. 24 Krachler et al., who studied the mineralization of human brain and bovine liver as a dissolution step prior to multi-element determination, found both the open and closed-pressurized systems to give accurate results6. However, analysis of digests from the latter system gives higher precision as digestion is conducted in closed vessels. This reduces contamination and loss of volatile compounds. The process of on-line system adopted recently uses flow injection methodology (FIA). This system not only has the advantages of both the open and closed-vessel systems but it also reduces possible errors during the transfer of sample from one container to another. Several authors achieved satisfactory results using the flow injection methodology to combine microwave sample treatment with atomic spectrometric detection like FAAS, ICPAES21-2a
Microwave digestion with concentrated acids Microwave digestion efficiency depends on the nature of the sample, pressure setting, temperature, extraction time, mass of sample, output power and the acids used. Among these parameters, the choice of acids is important. Various concentrated acids such as nitric acid, hydrochloric acid, sulphuric acid or a mixture of these acids have been used to destroy the samples in a chemically resistant, non-microwave absorbing vessel. These vessels are usually made of PTFE (polytetrafluoroethylene) or PFA (perfluoroalkoxy). The microwave energy is instantly transferred to the sample by absorptive polarization and not by molecular collision. The internal heating mechanically agitates and ruptures the surface layers of the sample, thereby providing a better contact between the acids and the sample. Different samples can be treated using this method with good results achievable. Table 1 gives different digestion conditions for different sample matrices. A well established method for digestion of samples containing silicon is by using a mixture of hydrofluoric acid with other acids. The silicate matrix can be destroyed based on the equation below.
6HF + Si02 -~ H2SiF6 + 2H20 Zhou et al, investigated the effect of the addition of HF for microwave digestion with other acids' 2 and found that the addition of HF improves the recovery of elements from soil samples. However, as HF is corrosive on glasswares, only 1 mL of concentrated HF is sufficient. Wang et al. also proved that the recoveries of elements such as Al, Na, and K in airborne particulate matter increases with the addition of HF' 5. However, after digestion, the highly corrosive HF has to be evaporated off to prevent instrumental damage from occurring14"5,2s Alternatively, boric acid can be added to mask the free fluoride ions present in solution and to facilitate the dissolution of various sparingly soluble fluorides. The combination of acids HN03-HF-H202-H3B03 for microwave digestion was explored for direct ICP-MS analysis of metals in silicon-containing solid samples25. Twenty-five elements, Al, Ag, As, Ba, Bi, Cd, Cr, Co, Cu, Fe, Li, Mg, Mn, Mo, Ni, Pb, Sb, Sn, Sr, Th, Ti, Tl, U, V and Zn, can be determined accurately.
However, this method cannot be used to determine B and is not suitable for Hg determination.
Another acid mixture, HN03-HCl-HF-H3B03 was used to digest several biological and environmental samples26. It was found that unless Si determination is required, it is not necessary to add HF to the acid mixture, and no boric acid need to be added to the final solution, thus giving lower blank values and therefore better detection limits.
The acid mixtures, HN03-HCI, HN03-H2S04, Since there are many reviews on this topic31-34, we will not discuss it further.
Microwave digestion or extraction with dilute acids
Microwave digestion or extraction using dilute acids is a new trial in the field of microwave assisted sample preparation technique. Not only do concentrated acids give high procedural blank values, their fast and excessive pressure build-up in digestion vessels poses safety hazards. When strong oxidizing acids such as H2S04 and HC104 are used, the internal pressure build-up can exceed the tolerance level" . The pressure control in MDS-2000 Microwave Sample Preparation System at 630W (CEM Corp., Matthews, NC, USA) only allow a maximum pressure of 1380 kPa (200 psi). The acid mixture HN03-HC104 can heat sample to above 250 psi with temperature up to 200°C.
Extraction or digestion with dilute acids is a safer technique which has been applied with some success in the determination of a range of elements in animal tissues at room temperature35'36 and botanical samples with heating37. However, these methods generally take several hours to a day to obtain the digest. For faster extraction, microwave energy is used16. Using a rapid extraction programme, viz. 100% power, 160 psi pressure and 30 min extraction time, 0.3 g of sample can be extracted efficiently with 5 mL of 14% v/v HN03. Elements in other biological samples such as bovine liver, pepperbush, chlorella and mussel can also be extracted. As lesser acid is used, background contamination of trace metals is greatly reduced. An on-line microwave system was also used for Al determination in shellfish using 3 mol/l HN03 for extraction24. The total time for sample dissolution and analysis was 20 min. Even though the oxidizing power of dilute acids is weaker than concentrated acids, dilute acids can absorb more microwave energy as there are more water present31
The number of publications on microwave digestion or extraction using dilute acids are few. It is envisaged that there may be more advances and development in this area in the near future.
Microwave
assisted extraction for organic compounds Soxhlet extraction and sonication are traditional methods for extraction of organic compounds and pesticides from solid samples. However, these methods are tedious, with long extraction time. Supercritical fluid extraction (SFE), a relatively new sample preparation method, although is a faster and easier method to use, has its disadvantages. For example, carbon dioxide, used as supercritical solvent, is inefficient in removing polycyclic aromatic hydrocarbons (PAHs) from soil, especially those that are strongly bound to the matrix38'39. Furthermore, SFE needs solvent modifier to improve its extraction efficiency.
Recently, microwave assisted extraction (MAE) has been explored as an alternative solvent extraction method4°~2. The application of microwave heating for extraction of compounds from different sample matrices have been used since 1985. The use of microwave irradiation to enhance extraction of organic compounds from solid samples such as plants, food and soil was reported by Ganzler determination in various types of samples have grown tremendously in the past decade. However, more studies need to be conducted on the use of dilute acids for microwave digestion or extraction. Table 2 Methods of microwave solvent extraction for or amc corn ounds.
